We studied the phenotype and activity of cord blood natural killer (NK) cells in newborns congenitally infected with Trypanosoma cruzi. We found that the proportion of CD56 bright NK cells was significantly decreased in cord blood from these newborns, suggesting they may have been recruited to secondary lymphoid organs. The remaining CD56
T he neonates and young infants are particularly susceptible to infections. This is generally considered to relate to the immaturity of their immune system defined by a low ability to generate cell-mediated immunity (1) . However, the development of mature CD8 T-lymphocyte responses in newborns congenitally infected with Trypanosoma cruzi (2) , the protozoa agent of Chagas disease in South America, or human cytomegalovirus (HCMV) (3) , indicates that neonatal defects are not absolute. The mechanisms underlying the capacity of intracellular pathogens to induce mature cell-mediated immune responses in utero remain to be elucidated. Fetal NK cells might play an important role in the generation of the early cellular immune response during congenital infection. In adults, NK cells can directly contribute to the maturation of dendritic cells (4) and the subsequent activation of antigenspecific CD8 T-cell immune response (5) . NK cell activity is regulated by a balance between opposite signals delivered by both inhibitory NK receptors (iNKRs) and activating receptors (6) . In human adults, the main iNKRs include killer immunoglobulin (Ig)-like receptors (KIRs) (6) , molecules known as Ig-like transcripts such as LIR1/ILT2 (7) and CD94/NKG2A (8) . Activating receptors are referred to as Ig-like natural cytotoxicity receptors (NCRs) including NKp30, NKp44, NKp46 (6) , and NKG2D (9) .
To date, studies of human umbilical cord blood NK cells have revealed that they are immature and display low cytotoxic activity that can be partly restored by in vitro stimulation with cytokines (10) . To evaluate the involvement of fetal NK cells during human congenital infection, we have studied the phenotype and activity of cord blood NK cells of newborns congenitally infected with T. cruzi. We observed a decrease in the frequency of CD56 bright NK cells in congenitally infected newborns. In addition, our results revealed that cord blood NK cells from congenitally infected newborns displayed a reduction in both IFN-␥ and GrB production in response to IL-12 combined with IL-2 or IL-15 and a decrease of the expression of NKp30, NKp46, and NKG2D.
MATERIALS AND METHODS

Patients.
Cord blood was obtained from newborns delivered at the maternity German Urquidi (Universidad Mayor de San Simon, Cochabamba, Bolivia), while blood cell samples from healthy adults were collected from among the staff of the laboratory. Parasitological diagnosis by microscopic examination of buffy coat from cord blood collected in microhematocrit tubes and clinical examination of congenitally infected newborns were performed as previously described (11) . One of the 13 studied neonates was an infant delivered by cesarean section. Four of them displayed either low birth weight only or low birth weight associated with prematurity, respiratory distress syndrome, or edema. Their lymphocyte counts were within the normal range and similar in infected and uninfected neonates. The scientific/ethic commit-tees of Universidad Mayor de San Simon and Université Libre de Bruxelles approved this study, and we obtained informed written consent of the mothers before blood collection.
Cell sample isolation. Blood was collected in endotoxin-free heparinized tubes (Becton Dickinson, Erembodegem, Belgium). Cord blood mononuclear cells (CBMCs) and peripheral blood mononuclear cells (PBMCs) from adults were then isolated by Nycoprep density gradient centrifugation (Nycomed Pharma AS, Oslo, Norway) and cryopreserved. All assays were performed with thawed cells. CD56 ϩ cells were isolated (purity Ͼ95%) from cryopreserved CBMCs or PBMCs by positive selection using magnetic beads conjugated to anti-CD56 (Miltenyi Biotec, Auburn, CA).
Cell cultures. CBMCs and PBMCs (0.5 ϫ 10 6 /mL) were cultured in polypropylene tubes containing RPMI 1640 supplemented with 10% heatinactivated fetal calf serum (FCS), 100 U/mL of penicillin G and 100 g/mL of streptomycin (all from Cambrex Bio Science, Verviers, Belgium). Cells were stimulated either with IL-12 (1 ng/mL) ϩ IL-2 (10 U/mL) or IL-12 (1 ng/mL) ϩ IL-15 (100 ng/mL) for 24 h at 37°C in 5% CO 2 atmosphere [IL-12 and IL-15 were purchased from R&D Systems Europe (Abingdon, United Kingdom) and IL-2 from Cambrex Bio Science]. Cells were also stimulated with live T. cruzi trypomastigotes (Tehuantepec strain) in the presence or absence of IL-15 (1 ng/mL) in a 2:1 parasite-to-cell ratio for 24 h at 37°C in 5% CO 2 atmosphere. To detect intracellular IFN-␥, we added the protein secretion inhibitor brefeldin A (10 g/mL) (Sigma Chemical Co.) for the last 4 h of the culture.
Flow cytometry analysis. Phenotypic studies of CBMCs and PBMCs were performed by flow cytometry analysis using various combinations of the following monoclonal antibodies (MABs): CD3-PercP or -APC, CD16-biotin-streptavidin-PE or -fluorescein isothiocyanate (FITC) and IFN-␥-FITC (all from Becton Dickinson). Anti-CD56-APC or -phycoerythrin (PE) and anti-NKG2A-PE (CD159a) were purchased from Coulter-Immunotech (Marseille, France) while anti-NKG2D-PE was from R&D Systems Europe. GrB enzyme-linked immunospot (ELISPOT) assay. To evaluate the cytolytic activity of NK cells, we used a human GrB ELISPOT assay (Becton Dickinson). Immunospot M200 plates were coated overnight at 4°C with anti-human GrB capture antibody (5 g/mL). The plates were then blocked with RPMI 10% FCS for 2 h at room temperature. After discarding medium, ELISPOT assays were performed as follows: isolated CD3 Ϫ CD56 ϩ NK cells were first stimulated or not with IL-12 (1 ng/mL) ϩ IL-2 (10 U/mL) in culture medium for 24 h and washed before counting viable cells using trypan blue exclusion. 1 ϫ 10 5 NK cells were added into Immunospot plates and cultured for 16 h in the presence or absence of 1 ϫ 10 4 K562 cell lines (LGC Promochem, Molsheim, France) as target cells (ratio: 10:1). Following cellular incubation, plates were washed and biotinylated anti-human GrB detection antibody was added at a final concentration of 2 g/mL. Plates were then incubated for 2 h, washed three times, and horseradish peroxidase-avidin diluted 1:100 in phosphate-buffered saline containing 10% FCS was added. After 1 h of incubation and washing, the spots were developed using a solution consisting of 3-amino-9-ethylcarbazole (Sigma Chemical Co.) freshly diluted 1:30 in 0.1 mol/L of sodium acetate, pH 5.0. The solution was filtered and H 2 O 2 was added to a final concentration of 0.0005%. After incubation at room temperature for 1 h, the number of spots was counted with an image analyzer (Carl Zeiss Vision Imaging Systems; Zeiss, Jena, Germany).
Statistical analysis. The data medians were compared between either adults or uninfected newborns or between uninfected and congenitally infected newborns by using the Mann-Whitney U test. Statistical significance was accepted if p Ͻ 0.05. 27.0 -60.5, n ϭ 11) were unchanged between groups of newborns. The level of total lymphocytes being similar to those of the controls, these data suggest that the decreased proportion of CD56 bright NK cells in congenitally infected newborns likely reflects a loss of these cells and is not due to an increase in absolute numbers of CD56 dim NK cells. Defective IFN-␥ production by CD56 bright cord blood NK cells from congenitally infected newborns. CBMCs or PBMCs were stimulated with IL-12 ϩ IL-2 or IL-12 ϩ IL-15 for 24 h, and the intracellular content of IFN-␥ was measured among CD56 bright NK cells (Fig. 2) . The unstimulated cells did not produce IFN-␥ (data not shown), while the addition of both combination of cytokines widely increased the frequency of CD56
RESULTS
Decreased proportion of
bright NK cells producing IFN-␥ in uninfected newborns and adults. The frequency of cord blood CD56 bright NK cells that produce IFN-␥ in response to IL-12 ϩ IL-2 and to a lesser extent IL-12 ϩ IL-15 was significantly reduced in MϩBϩ newborns compared with MϪBϪ newborns. These results demonstrate that congenital infection with T. cruzi was associated with cord blood CD56 bright NK cells producing very low level of IFN-␥ in response to cytokine stimulation.
We also tested whether in vitro exposure of cord blood NK cells to live T. cruzi could trigger secretion of IFN-␥. For this purpose, CBMCs and PBMCs were incubated with live T. cruzi alone or in combination with IL-15 for 24 h (Fig. 2) . In contrast to cord blood NK cells, NK cells from some adults could produce a large amount of IFN-␥ after stimulation with T. cruzi alone. IFN-␥ was more easily detected when IL-15 was added with parasites into the culture medium. In this last condition, a majority of CD56 bright NK cells from adults secreted IFN-␥ while the proportion of cord blood CD56 bright NK cells from both groups of newborns that did produce IFN-␥ was reduced (Fig. 2 ). These data demonstrate that cord blood NK cells can produce IFN-␥ upon stimulation with live parasites in vitro without significant differences between uninfected and infected newborns.
Reduced cytolytic activity of CD56 dim cord blood NK cells from congenitally infected newborns. We investigated whether GrB production by cord blood NK cells could also be affected in MϩBϩ newborns. GrB release in response to IL-12 ϩ IL-2 stimulation was measured by ELISPOT against the NK sensitive-target cell line K562. As a control, purified CD56
ϩ NK cells stimulated with IL-12 ϩ IL-2 produced low number of spots in the absence of K562 cells in both newborns and adults (data not shown). As shown in two independent experiments with different donors (Fig. 3) , the addition of target cells to NK cells induced GrB release in uninfected newborns and adults. By contrast, NK cells from congenitally infected newborns displayed a lower level of GrB spots, suggesting a reduced cytotoxic potential.
Congenital T. cruzi infection is associated with decreased expression of NK cell-activating receptors on cord blood CD56
dim NK cells. We also investigated whether the presence of live parasites in congenitally infected newborns could have affected the expression of activating NK receptors (NKp30, NKp46, and NKG2D) on NK cells (Fig. 4) . The level of expression of NCRs tended to be higher in MϪBϪ newborns than in adults as well as the density of NKG2D and NKp30 among cord blood CD56 bright NK cells (Fig. 4 A and B) . Interestingly, T. cruzi infection was associated with a modulation of activating NK receptor expression on CD56 dim NK cells. Figure 4 (A, C, and E) shows a lower mean density of expression of NKp30 and NKG2D in MϩBϩ newborns compared with MϪBϪ newborns. More strikingly, a significant down-regulation of the mean surface density of NKp46 was detected in MϩBϩ newborns that led to a level of expression twice less intense than those of control newborns (Fig. 4A and  D) . By contrast, the expression of activating NK receptors on cord blood CD56 bright NK cells was more stable. Taken together, these results show the pattern of NCRs expression in MϩBϩ newborns resemble that observed in adults with a reduced surface density of NK cells expressing NKp30 and NKp46 compared with uninfected newborns.
Expression of inhibitory NK cell receptors on cord blood NK cells is not significantly modulated by congenital infection. In addition to activating receptors, we studied the surface expression of KIR (CD158a, CD158b, CD158e, CD158k), ILT-2 (CD85j), and CD94/NKG2A (CD94/CD159a) inhibitory NK receptors. Of note, CD158a and CD158b MABs also recognize activating CD158h and CD158j NK receptors, respectively. Most of CD56 bright NK cells (90 -100%) were found to express high levels of CD94/NKG2A, and little KIR and ILT2, in all newborns and adults without any difference between groups (data not shown). The expression of NKG2A was up-regulated on CD56 dim cord blood NK cells compared with adults (Fig. 5) , but the congenital infection with T. cruzi did not affect the expression of this inhibitory receptor. The expression of KIRs was essentially found on CD56 dim NK cells and Figure 5 shows that the frequency of CD158a, CD158e, and CD158k was globally lower in MϪBϪ cord blood compared with adults. The expression of KIR or ILT2 was not profoundly altered between both groups of newborns, although the expression of CD158a, CD158b, and CD158e tended to be down-regulated in congenitally infected newborns. We cannot, however, conclude whether CD158a and b down-modulation is due to a decreased of the inhibitory and/or the activating form of KIR. Globally, these results suggest that inhibitory NK cell receptor expression is not correlated with congenital infection by T. cruzi.
DISCUSSION
To characterize the phenotype and function of cord blood NK cells during infection, we studied newborns infected in A second possibility relates to the level of expression of activating NK receptors because a strict correlation between NCR density and NK cell mediated cytotoxicity has been reported in vitro (15) . Indeed, a decreased surface expression of NKp30, NKp46, and NKG2D on cord blood CD56 dim NK cells was observed in congenitally infected newborns, in agreement with previous reports of patients infected with human immunodeficiency virus (16) or with acute myelogenous leukemia (17) . Because CD56 dim NK cells were the main cells involved in NK cytotoxic functions, these alterations in the level of activating NK receptors might contribute to the defective release of GrB in the presence of K562 cells. In addition, the decreased surface expression of NKG2D in congenitally infected newborns might be the result of direct contact with its natural ligands (18) . Alternatively, this downmodulation might also be mediated by soluble factors such as transforming growth factor-␤ (TGF-␤), a cytokine known to down-regulate the surface expression of NKp30 and NKG2D (19) . Of note, T. cruzi needs to activate the TGF-␤ signaling pathway to infect cells (20) , thus possibly modulating the expression of receptors triggering NK cell activation. Whether the reduced expression of NK cell-activating receptors in infected newborns is induced by exposure to foreign pathogens and could be a way to evade the host innate immune response remains an interesting and open question.
Finally, a third possibility relates to the selective loss of activated CD56
bright NK cell subsets in CBMCs of congenitally infected newborns, either due to their migration from the periphery to secondary lymphoid organs or to sites of infection (21, 22) or through apoptosis. It has indeed been shown that in vitro stimulation of NK cells by IL-15 or IL-2 ϩ IL12 induces early IFN-␥ and tumor necrosis factor-␣ (TNF-␣) production followed by NK cell apoptosis and a decline in cytokine production (23) and that NK cell functions were inhibited after IL-12 priming (24) . These data, as well as others obtained in mice (25, 26) , suggest that fetal NK cells were submitted to a primary activation following in utero infection before their effector functions were down-regulated, as part of a homeostatic control of the NK cell response after an initial peak of activation.
Experimental models have shown that NK cells play a crucial role in immunity against T. cruzi (27) . However, the role of NK cells during human T. cruzi infection is still unclear. Indeed, our study is the first to show the ability of T. cruzi to induce IFN-␥ production by human adult NK cells. This is consistent with the ability of other parasites to activate these cells (28, 29) . The low production of IFN-␥ by cord blood NK cells following T. cruzi stimulation in vitro may be attributed to their immaturity, as revealed by the high proportion of NK cells positive for CD161 and NKG2A (14) compared with adults. However, we extend these results by showing that in vitro stimulation with live T. cruzi and IL-15 led to higher IFN-␥ production by neonatal NK cells. Indeed, in vivo, live parasites are present in congenitally infected newborns, and IL-15, although in lower amounts than in adults, is also produced by cord blood cells (30) . Although the direct cytotoxicity of cord blood NK cells against T. cruzi was not investigated in the present work, this indicates that neonatal NK cells, at least as a potential source of IFN-␥, might be involved in early life immunity against intracellular pathogens.
On the other hand, it could be considered that alterations of NK cell function and/or of NCRs and NKG2D expression in MϩBϩ newborns could have contributed to their susceptibility to congenital infection. However, we have previously shown that congenitally infected newborns were able to generate a parasite-specific CD8 T-cell response (2), arguing against an initial immunodeficiency, like this suggesting that their NK-cell immune response is most likely effective.
In conclusion, the cord blood NK cell response appears to be reduced after congenital transmission of T. cruzi. It remains to clarify whether this impaired NK cell immune response is a physiological result of their early participation in the fetal immune response or whether the presence of live T. cruzi modulates the immune response, which could represent a way for the parasite to improve its survival into the host.
